Abstract-We designed a low-loss double-negative composite metamaterial that operates at the millimeter-wave regime. A negative passband with a peak transmission value of -2.7 dB was obtained experimentally at 100 GHz. We performed transmissionbased qualitative effective medium theory analysis numerically and experimentally to prove the double-negative nature of the metamaterial. These results were supported by the standard retrieval analysis method and the study was extended by reporting the fractional bandwidth and loss of the metamaterial as the number of layers in the propagation direction increased. We numerically calculated 2-D field map and experimentally confirmed far-field radiation response of horn antenna and metamaterial lens composite. Finally, we demonstrated that the effective index of the metamaterial was negative by performing far-field angular scanning measurements for a metamaterial prism. We simulated the prism by using the Drude-Lorentz model and obtained the scattered field map in two dimensions at millimeter-wavelengths.
Theoretical Study and Experimental RealizationI. INTRODUCTION

M
OST solid materials are in crystalline form, i.e., on the microscopic level the ions are arranged in a periodic array [1] . In the presence of an applied electromagnetic field, the materials' linear response is described by (electric) permittivity (ε) and (magnetic) permeability (µ) parameters. By introducing an artificial periodic array wherein repeated elements of the so-called metamaterial are arranged, we can obtain a medium with a controllable linear response at any desired narrow frequency band up to ultraviolet. The unit cells of metamaterials are commonly composed of metallic-dielectric structures of several shapes [2] - [4] . Recently, ferroelectric and ferromagnetic materials were also utilized as constituting elements leading to negative effective permeability media [5] - [8] . One can also obtain double-negative medium by using all dielectric media at microwave and optical regimes [9] - [12] .
A medium of periodically arranged, subwavelength, highpermittivity ferroelectric rods was demonstrated to have effective negative permeability due to the induced large displacement currents that create magnetic resonance in the presence of the applied electromagnetic field at the GHz regime [5] . A temperature tunable µ-negative medium, which operates at the first Mie resonance mode of the constituting ferroelectric cubes, was observed between 13.65 and 19.65 GHz [6] . The properties of ferromagnetic materials have led to novel opportunities for µ-negative medium designs. In the vicinity of ferromagnetic resonance (FMR), the effective permeability of ferromagnetic materials can be negative. This phenomenon was demonstrated experimentally by using YIG slabs at 10 GHz [7] and (La:Sr)MnO 3 layers at 90 GHz [8] . These are the few examples of metamaterials utilizing ferrosubstances. A rather widespread technique of realizing metamaterials involves nonmagnetic metal-dielectric components.
Electrically small nonmagnetic metallic resonators are proposed as constituting elements of a µ-negative medium [2] and metallic wire mesh structures provide a low-frequency plasma system with negative permittivity [3] . An experimental demonstration of a double-negative (ε < 0, µ < 0) medium (DNG) as a superposition of split ring resonators (SRRs) and wire mesh medium was realized [4] and its unusual properties, such as negative index of refraction, negative phase velocity, reversal of Cherenkov radiation, and Doppler shift have attracted much attention. Applications of DNG and single-negative (SNG) media involve the electromagnetic phenomena of reflection, absorption, radiation, cloaking, refraction, and subwavelength imaging. Planar reflectors that operate like an artificial magnetic conductor (AMC) with high surface impedance have been demonstrated at gigahertz frequencies [13] , [14] . A miniaturized rectangular patch antenna with a µ-negative medium substrate operating at 250 MHz [15] as well as an electrically small circular patch antenna loaded with a µ-negative medium are characterized experimentally and theoretically [16] . A negativepermeability-medium-element-loaded monopole antenna was demonstrated experimentally at around 4 GHz in terms of its fundamental limitations [17] and multiple element effects [18] . A negative-permittivity-shell-loaded monopole antenna was developed analytically [19] . In principle, one can enhance the transmission through a subwavelength aperture by utilizing a µ-negative medium cover [20] . This topic was demonstrated theoretically for the periodically arranged subwavelength holes by using deep subwavelength resonators [21] in addition to the previous photonic crystal and surface-grating-aided-enhanced transmission studies [22] - [25] . By using a metamaterial cover it is possible to nearly cloak a subwavelength object at a particular frequency [26] - [28] . The negative refraction property of metamaterials [4] , [29] leads to a rather important application: the subwavelength imaging [30] .
It is important to demonstrate a µ-negative medium at different regimes of the electromagnetic spectrum. At the megahertz region, µ-negative medium elements lead to the improvement of magnetic resonance imaging by guiding the flux from the object to the receiver [31] . Electrically small metallic elements on planar substrates that operate at the megahertz and gigahertz region and their potential applications have been extensively studied theoretically and experimentally [32] - [34] . E-beam lithography techniques allow us to obtain single-ring SRRs of a 110 nm side length [35] . By scaling the physical size of the SRRs, a magnetic response at around 5 [36] , 6 [37] , 100 [38] , and 370 THz [39] were demonstrated experimentally. On the other hand, it has been extensively studied that on the process of size scaling due to the ohmic losses of metallic features, the magnetic resonance of SRRs saturate as the operation frequency increases [35] , [40] , [41] . One way to overcome this problem was to introduce more splits [42] , [43] or by using cut wire pairs [44] , and thereby, reducing the total resonator capacitance. The resonant frequency increased via this method, but the physical size remained the same. Therefore, the electrical size of the element increased and became comparable to the operation wavelength. The realization of an effective medium becomes a problematic issue as we increase the electrical size of the constituting elements. Another method might be to decrease the environment temperature to enhance the negative permeability [45] . In the present work, we analyzed an SRR-based metamaterial medium operating at the millimeter-wave regime.
II. DESIGN AND EXPERIMENT
Our design was realized by utilizing the well-developed printed circuit board (PCB) technology. Fig. 1 shows the schematic view of the manufactured metamaterial layers. On the front face, we have the SRRs with parameters: width of the strips, w = 55 µm, separation between the adjacent strips, s = 55 µm, split width, g = 55 µm, and inner circle diameter, r = 110 µm. The period in the z-and y-direction are a z = a y = 550 µm. In terms of free space wavelength the period at the propagation direction (a z ) and one of the lateral directions (a y ) was approximately equal to λ 0 /6 at around the resonance frequency. The substrate was Rogers RT/duroid 5880 with relative permittivity, ε r = 2.0 and loss tangent, tanδ = 0.0009. The thickness of the substrate was 250 µm and the deposited copper thickness was 9 µm. On the back face of the PCB, we had continuous wires strips at a v = 275 µm width. The copper pattern tolerance values (55 µm) were nearly at the edge of the current PCB technology. For the slab characterization simulations we used a linearly polarized plane wave propagating at the -z-direction is incident upon the metamaterial layers, the E-field is at the y-direction and the H-field is at the x-direction. In our simulations, we used the commercial full-wave code, CST Microwave Studio, which is based on the finite integration technique [46] . The unit cell of the metamaterial medium under test is inserted into the simulation domain with periodic boundary conditions at the lateral directions (y-and x-directions). We simulated the reflected and transmitted time signals obtained the relevant complex S-parameters.
The experiments were performed by using a millimeter-wave network analyzer with a 50 dB dynamic range from 75 to 115 GHz. The transmission data in air were obtained by the aid of two standard gain horn antennae. The orientation of and distance between the antennae were kept fixed during the experiments. The media have 30 × 45 number of unit cells along the x-and y-directions, and the number of unit cells along the propagation direction was varied as 3, 5, 7, and 9. The space between the metamaterial layers at the x-direction was 254 µm. We inserted the metamaterial slab between the horn antennae and measured its transmission response, and then removed the slab and noted the calibration data. By measuring the transmission response of the four different media, we characterized the composite metamaterial medium (CMM) based on the qualitative effective medium theory [47] , [48] .
III. TRANSMISSION-BASED QUALITATIVE EFFECTIVE MEDIUM THEORY ANALYSIS
In the effective medium theory analysis, we considered the transmission response of four different unit cell structures and concluded whether the CMM was double negative. The SRR and closed-ring resonator (CRR) geometry and corresponding induced surface current at the resonance frequency are all shown in Fig. 2(a) and (b) . Mostly, due to the distributed capacitance between the two rings of the SRR, we observed induced circulating currents and a magnetic dipole-like response. By shorting the gaps of the SRR, we introduced the CRR structure on which the circulating currents disappear and at the operation frequency CRR acts like an electric dipole. Fig. 3 shows the transmission spectra of the SRR and CRR media. There were three unit cells at the propagation direction. The media were transparent up to 75 GHz (not shown) and a stopband for the SRR-only medium was observed. This gap was not present at the CRR transmission data, indicating its magnetic origin. Next, we considered the ε-negative wire-mesh medium. Its plasma frequency was designed to be at around 200 GHz. Even the wire-only medium might have negative-ε below the plasma frequency, thus the composite metamaterial acts as a different plasmonic system. The SRRs of the composite metamaterial kick in the effective permittivity and cause a downward shift of the wire-only medium plasma frequency. Therefore, instead of just considering the wire-only medium transmission response, we should also take into account the transmission response of the CRR and wire composite (closed composite metamaterial, CCMM). We designed the medium parameters in such a way that the plasma frequency of the CCMM was around 150 GHz. We can guarantee thereby that the CMM medium is ε-negative below 150 GHz. Finally, we concluded that the transmission peak at around 100 GHz, as shown in Fig. 3 , was due to the double-negative nature of the CMM medium. Our simulation and experimental results are in good agreement, and we would like to emphasize that the experiment data are the average of many reproducible measurements. As expected, the transmission peak value ∼ -2.5 dB was lower than the ideal simulation result. On the other hand, by using a low-loss substrate and rather thick metal coating, we improved the ∼ -25 dB transmission peak value of our group's previous 100 GHz metamaterial demonstration [49] . Moreover, instead of photolithography techniques, we achieved the desired double-negative properties at the millimeter-wave regime by using a rather cheap technology. At the production step we stacked 30 planar layers of the medium under test in order to cover the entire incident beam. For the SRR-based metamaterial medium, the transmission response was not very sensitive to the angle between the antenna emission direction and metamaterial slab normal [50] , or to the small misalignment of the layers [51] . This was not the case for the planar metamaterial media such as the fishnet structure [52] .
IV. RETRIEVAL ANALYSIS
Another well-developed characterization method of metamaterials is the standard retrieval procedure [53] - [55] . The assigned effective refractive index (n) and relative impedance (z) values of the metamaterial slab can be extracted by using the complex scattering parameters with respect to 50 Ω. If the metamaterial slab under test is symmetric with respect to the x-y plane, i.e., S 11 = S 22 and S 21 = S 12 , we can extract the effective medium parameters (n, z) of the metamaterial by using the terminology that was developed for the homogenous slab. By using ε = nz, and µ = n/z formula, we derive the effective per- mittivity and permeability of the media. The complex scattering parameters for the case of our metamaterial were obtained from the simulations and by using the formalism given in [53] - [55] . We extracted the n, z, ε, and µ parameters of the CMM medium and are shown in Fig. 4 . It is clear that at around 100 GHz, the CMM medium is double negative.
At this point, we would like to emphasize that just by itself the passband region shown in the qualitative effective medium theory cannot be claimed to be double negative. Either the complete transmission analysis of the four structures should be studied or the passband region should be supported by the retrieval analysis. Here, we demonstrated the correlation between the two independent well-developed effective medium theory analyses: the retrieval and transmission-based effective medium theory.
V. LOSS AND BANDWIDTH ANALYSIS
The resonant nature leads the narrow bandwidth of metamaterials. We calculate the fractional bandwidth of the negative region via FBW = ∆f/f 0 , where ∆f is the half-power bandwidth and f 0 is the center frequency. We obtained for the three-layer case ∆f = 4.8 GHz, f 0 = 99.9 GHz, and FBW = 4.8%. Fig. 5 shows the effect of increasing the number of layers at the propagation direction to the transmission response. As expected, the total loss (in decibels per millimeter) increases as the number of layers increase. We summarized the resulting loss and bandwidth data at 100 GHz in Table I . We can clearly state that as we increase the number of metamaterial layers at the propagation direction, the total loss increases and the FBW decreases.
VI. FAR-FIELD RADIATION BEHAVIOR OF HORN METAMATERIAL COMPOSITE
Fig. 6 displays measured and calculated far-field pattern of the metamaterial lens/horn antenna composite structure. We have modeled the homogeneous metamaterial by using DrudeLorentz model in a way that at the frequency of interest the retrieved ε and µ values almost coincide. Other parameters in the simulations are kept the same as experiment. At the farfield, R = 38 mm, by implementing an automated experiment setup, we scanned the field intensity for both the horn antenna and for the hybrid structure. Being in good agreement the simulation, the experimental results showed that the metamaterial lens decreases the angular width of the hybrid structure's radiation pattern at the E-plane. Due to the experimental limitations, we could not be able to scan the less interesting H-plane and could not comment on the directivity, gain, and efficiency of the hybrid structure. We observed that the maximum transmitted peak value was 2-3 dB less than the horn-only case due to the lossy nature of the metamaterial lens. The behavior of the hybrid structure composed of a horn antenna as driven element and DNG material as director can be considered as a novel phenomenon, which is similar to the behavior of Yagi-Uda antenna. The DNG part is passive and thin. It forms a rough image of the source. Its rough image and source itself can be used to explain the higher directivity of the composite system. In our millimeter-wave setup, we could only use horn antennas as the source and sink. Thereby, we have not tried to observe or optimize this effect with different sources. Moreover, the number of DNG materials at the propagation direction could not be increased due to our fabrication and measurement limitations. On the other hand, Fig. 6(d) shows the numerical result for the case of two DNG materials at the propagation direction. We showed that the directivity further increased in this case. The separation between the DNG materials was equal to their thicknesses, and neither the thicknesses nor the separation between them was optimized. Here, we prefer to qualitatively demonstrate and explain the observed phenomenon.
VII. STUDY OF A METAMATERIAL PRISM
We synthesized a prism-shaped metamaterial that was composed of stacked seven-layered blocks, in the lateral (x) direction. There were six different block types with unit cells in the Fig. 6 . Simulated field map of (a) horn antenna, (c) horn antenna and metamaterial lens (hybrid structure) at 99 GHz. Focusing and redistribution of waves can be seen in (b). Far-field patterns of (b) horn antenna and (d) hybrid structures with 1 and 2 negative index metamaterial (NIM) slabs at the propagation direction.
propagation direction ranging from 3 to 9, as shown in Fig. 7 . The angle between the prism's second interface and propagation vector was α = 8.4
• . The setup consisted of a millimeter-wave network analyzer, an automated rotary scanner system, and two horn antennas as the transmitter and receiver. The transmitter horn antenna was parallel to the first metaprism interface. We scanned the angular transmission intensity at a distance of R = 38 mm, which corresponded to the far-field of the antennas from 75 to 115 GHz. Fig. 8 shows the transmission spectra as a function of the frequency and scanning angle. As the frequency increases, the beam refracts from the negative to positive side. The transition can be seen from a negative index to positive index in Fig. 8 . We would like to point out the frequency band at which the beam was refracted to the negative side coincides with double-negative region predicted by the effective medium analyses. The unit cells of the metamaterial under study were adequately electrically small so that the periodicity related effects were minor. Fig. 9 shows the frequency cuts that were taken from the experimental data at 100 GHz. The normal of the second interface was demonstrated with a dashed line and arrow. We can compare the results of the free space and metaprism cases in this figure. A negatively refracted beam emerges on the lefthand side of the prism normal, whereas the beam emerged on the right-hand side for the positive index medium. We also confirmed the experimental results by using CST simulations, in which the negative index prism was modeled with the Drude-Lorentz dispersion theory. The Drude-model parameters were as follows: the plasma frequency was equal to, ω p = 2·π·130 GHz, the collision frequency was equal to, υ c = 0.01 Hz. For the magnetic dispersion, the following Lorentzmodel parameters were used: permeability at infinity was equal to, µ ∞ = 1, permeability static was µ s = 1.07, resonance frequency was ω res = 2·π·97.9 GHz, and the damping frequency was γ = 1.3 GHz. The retrieved parameters of the metamaterial medium were taken into account when determining the Drude-Lorentz model parameters. At around the frequency of interest, the retrieved ε and µ values were as close as possible to the Drude-Lorentz values. In this simulation, we applied the perfect electric conductor boundary conditions at the vertical direction (y) and in the other directions the perfect absorbing boundary conditions were applied. The physical parameters of the transmitter horn antenna used in the simulations were the same as the experimental configuration except a waveguide port was placed instead of a coaxial probe feed. By this method, we obtained the field propagation and far-field profiles with affordable computation power in a reasonable amount of time. Fig. 10 shows the field profile. The negatively refracted beam emerging from the second prism interface, the negative phase velocity inside the metamaterial medium, as well as the reflection properties can be seen in this figure and corresponding animation.
In this paper, we conveyed the S-band studies of the metamaterials to the millimeter-wave regime and demonstrated the feasibility of rather low-loss metamaterial-based devices in this regime. We experimentally demonstrated the prism effect and radiation properties of an antenna composed of the metamaterial slab and a standard horn antenna. For our group's previously demonstrated 100 GHz paper [49] , the losses were much higher and experiments, such as negative index prism, oblique incidence negative refraction were much difficult to perform. Here, we demonstrated the usability of a classical design approach at millimeter-wave frequencies, at which the ordinary PCB technology has serious limitations. The utilized simulation technique allowed us to observe the field distribution in double-negative metamaterial-based devices operating at the millimeter-wave regime with a rather low computational power. The fabricated elements had ∼50 µm minimum linewidths and half-millimeter unit cells. The fabrication and handling of these structures were rather difficult compared to the ones operating at the S-band and X-band.
VIII. CONCLUSION
In summary, the characterization of SRR-based metamaterial operating at 100 GHz was demonstrated in terms of the transmission-based qualitative effective medium theory and the standard retrieval analysis. The structure layers were produced via PCB technology and the transmission response for increasing the number of layers at the propagation direction was analyzed. We observed a stopband for the SRR-only medium and passband for the CMM medium at around 100 GHz. The transmission peak value was ∼ -2.5 dB and the metamaterials' average loss was ∼ 2.5 dB/mm. The experimental results were not very sensitive to the layer disorders or the angle of incidence, and they were in good agreement with the numerical calculations. The far-field radiation response of horn antenna and metamaterial slab composite had a lower angular width, which was verified both numerically and experimentally. Finally, by constructing a metamaterial prism and performing angular scan experiments we confirmed the retrieved negative index property of a SRR-based metamaterial.
